Abstract __ One of the main assumptions in the Clarke's classic channel model is isotropic scattering, i.e. uniform distribution for the angle of arrival of multipath components at the mobile station.
I. INTRODUCTION
The received signal correlation functions and power spectra at the mobile station (MS) depend on the probability density function (PDF) of the angle of arrival (AOA) of a scattered wave. Clarke's twodimensional isotropic scattering model (a uniform AOA PDF over ) , [ π π − ) gives rise to the zero-order
Bessel function for the autocorrelation function and the U-shaped power spectrum for the complex envelope of multipath components at the MS [1, p. 40-43] . However, it has been argued [2] - [6] , and experimentally demonstrated [7] - [16] that the scattering encountered in many environments is nonisotropic, resulting in a non-uniform PDF for AOA at the MS. As has been discussed in [16] , the assumption of a uniform PDF for the AOA introduces small errors on the first order statistics of the received signal, but a significant error on the second order statistics, like correlation functions and level crossing rates.
In [17] and [18] , two geometrically based angle of arrival PDF's are derived; while three different models are assumed for such a PDF by other authors: quadratic PDF [19] , Laplace PDF [10] , and cosine PDF [20] . In addition to showing good fit to measurements, another important factor in selecting a candidate for the angle of arrival PDF is the mathematical convenience it provides to the determination of closed-form solutions for the correlation functions, power spectra, spectral moments, etc.. The previously mentioned PDF's do not satisfy the latter requirement. Achieving this goal is the main purpose of this paper.
The remainder of the paper is organized as follows. In Section II we present the two parameter von
Mises PDF as flexible model for the PDF of the angle of arrivals. The utility of this model is demonstrated by the derivation of closed-form expressions for the correlation function and power spectrum of the complex envelope at the MS in Section III. This is followed by a study of the differences in the characteristics of the correlation function and power spectrum for cases which deviate from the isotropic scattering model introduced by Clarke. Finally, measured data is used to confirm the validity of the proposed model in predicting the scattering characteristics encountered in actual mobile communication situations.
II. A FLEXIBLE PDF FOR THE AOA
A PDF was introduced by R. von Mises in 1918 to study the deviations of measured atomic weights from integral values [35] . This PDF plays a prominent role in statistical modeling and analysis of angular variables [21, pp. 57-68] . Let the random variable Θ represent the AOA of a multipath component (scatter and specular), received at the MS. The von Mises PDF for the scatter component of
, is given by: 
where ( As can be observed in Fig. 1 
where cosh(.) is the hyperbolic cosine. For 0 = κ , (3) reduces to the power spectrum for the Clarke's two-dimensional isotropic scattering model, i.e. For the specular component, the PDF of AOA can be written as: 
Note that When in addition to the scatter components, a specular component is also present, the PDF of the AOA of multipath components (scatter and specular) at the MS can be expressed as [19] :
where K is the Rice factor, defined as the ratio of the power in the specular component to that in the scatter components.
, where ) (t r scat and ) (t r spec are independent. Now, based on (7), the , we obtain 
given by (3) and (6), respectively. For multipath components (scatter and specular) we have 1 )
An important advantage of the PDF for AOA in (1) . Hence, according to (2), we derive a result more general than that given in [27] : 
So, for the zero crossing rate of ) (t r scat i we arrive at:
The above closed-form formula is a useful tool for studying the effect of nonisotropic scattering on the 
IV. A CASE STUDY
Here we consider three different urban scenarios studied in [19] and derive the associated autocorrelation functions and power spectra of the complex envelope of multipath components at the MS. Let the MS move from left to right. For the first scenario, S1, scatter components arrive at the MS head on, i.e. θ p = 0 . For the second scenario, S2, scatter components arrive from both the θ p = 0 and θ π p = directions with equal probabilities. For the third scenario, S3, scatter components arrive at the MS from a direction perpendicular to its direction of motion, e.g. θ π p = 2 . For S1 and S3,
. These three PDF's are plotted in Fig. 3 for
, together with Clarke's classic isotropic case 0 = κ .
The normalized autocorrelation functions of the complex envelope due to the scatter components for the above three scenarios can be derived according to (2):
) (
where Re[.] gives the real part of its complex argument. Notice that for S1, the imaginary part of
, is nonzero, contrary to Clarke's classic isotropic scenario. By substituting (10), (11) , and (12) into (8) The normalized power spectra of the complex envelope due to the scatter components for the three scenarios S1, S2, and S3 can be obtained based on (3):
Notice that for S1, the power spectrum ) ( 6 and 7, we clearly see the significant effects of different non-isotropic scattering scenarios on the power spectrum at the MS.
V. EXPERIMENTAL RESULTS
In this section we show the utility of the proposed AOA distribution, and the associated parametric correlation function in describing the correlation properties of a range of a variety of measured data.
First we give a brief summary of the data used (the dynamic statistical characteristics of this data set are discussed in [28] ). In the subsequent subsections, we talk about envelope correlation and envelope extraction, two non-isotropic scattering correlation model for fitting to data, estimation of the envelope correlation of data and parameter estimation for the two models, and finally, the merits and limitations of the two models in fitting to measured data.
A. Test Locations and Data Collection
Two sites were used for the collection of data: a suburban housing development in Greenville, Texas, and an urban area among the buildings of the campus of the University of Texas at Arlington, Texas. These test locations were chosen to provide a random signal environment that would be representative of actual operational situations. By choosing environments with irregular structures, data reflects the general angular spread of the signal and not yield results found only in very regular environments.
In the suburban area, parked vehicles, vegetation, and inconsistency in the setback of the housing structures produced very irregular reflective conditions. Measurements for records #0011 through The tube served as a rather small ground plane. For the fixed transmitter, the same antenna was used except a 1/4 wave diameter ground plane (flat) was attached to the base of the antenna stub. Both antennas had omnidirectional patterns.
B. Envelope Correlation and Envelope Extraction
Since for many practical applications, the envelope of multipath components and its correlation properties are of concern, we consider the envelope of multipath component ) ( ) ( t r t z = . When ) (t r is a complex Gaussian process with non-zero mean, the autocovariance function of )
, can be expressed in terms of the autocorrelation function of the complex envelope of multipath components ) (t r , having both scatter and specular components [29] . The normalized version of ) ( using a local sliding window is described in [30] .
C. Two Non-Isotropic Scattering Propagation Model
We consider ) ( for fitting to the data, according to two propagation models: the simple nonisotropic model and the composite non-isotropic/isotropic model. In the simple non-isotropic model, we assume that the MS receives the signals mainly from one direction. The AOA PDF and the normalized autocorrelation function for the simple non-isotropic model are given in (1) and (2), respectively. For the composite non-isotropic/isotropic model, the MS receives signals uniformly from all directions, in addition to a component centered around a specific direction. The AOA PDF and the normalized autocorrelation function for the composite non-isotropic/isotropic model can be written as:
indicates the amount of directional reception. The composite non-isotropic/isotropic model reduces to the simple non-isotropic model for 1 = ζ , and simplifies to Clarke's model for 0 = ζ .
For the simple non-isotropic model and based on (2) and (16) 
while for the composite non-isotropic/isotropic model and according to (18) and (16) we derive:
D. Estimation of the Envelope Correlation and the Parameters of the Two Models
The estimate for the normalized autocovariance function of the envelope-squared due to multipath components, ) ( (16) and consequently (19) and (20) is a zero-mean complex Gaussian process [32] ). According to the data analysis results partly reported in [33] , records #0011, #0017, #0019, #0021, and #0022 meet the above requirements.
So, for these records, equation (16), and subsequently (19) and (20) hold exactly, while for other records, the three equations may be considered as approximations. However, our collected data that is analyzed and discussed in the sequel, suggest that irrespective of the apparent underlying probability distribution for the complex envelope ) (t r , the parametric models given in (19) and (20) give very good fits to the autocovariance function of the envelope-squared.
In (19) and (20) for both models are listed in Table I . The mean-squared-error of the Clarke's model, defined by
, is also given in Table I, together   with the minimum values of   Simple   MSE  and   Composite   MSE for all twelve data sets. In Fig. 9 and for several data records, ) ( . The correlation plots of records #0012, #0020, #0021, and also #0015 are not shown in Fig. 9 , as the first three are similar to the correlation plot of #0011, whereas the forth one resembles that of #0014.
E. Discussion
As expected,
for all the twelve sets of data. Note the significant error of Clarke's isotropic scattering model in predicting the amount of correlation for most of the cases. For example, for records #0011 and #0014, the maximum error in predicting the correlations is about 0.5, which is not negligible at all. Regarding the characteristics of the two proposed models, let us first focus on the simple non-isotropic model. In this case, only for few situations the maximum deviation of the model predictions from the empirical correlations over the range 1 0 < τ < m f is about 0.2, and for the rest it is less than 0. ).
Regarding the physical interpretation of the estimated values p θ for both models is should depend on κ , but here we fix it to make a simple conclusion). In Table I superiority of the composite non-isotropic/isotropic model in characterizing the propagation of waves in wireless channels.
VI. CONCLUSION
In The simple model in (19) , with ) , ( 
